Previous work from this laboratory has demonstrated the persistence of Bacteroides intermedius in the livers of mice receiving an intraperitoneal inoculum of B. intermedius and Fusobacterium necrophorum. This study was undertaken to determine whether F. necrophorum enhanced the in vitro growth of B. intermedius. Tryptose phosphate broth did not support the growth of B. intermedius alone, but the bacterium did survive in a tryptose phosphate broth culture of F. necrophorum. B. intermedius cultured in F. necrophorumconditioned tryptose phosphate broth grew impressively, reaching maximal absorbance at 24 h after inoculation. The growth of B. intermedius in F. necrophorum-conditioned tryptose phosphate broth was proportional to the amount of conditioned medium present. The B. intermedius growth-stimulating factor was detectable in conditioned medium 8 h after inoculation with F. necrophorum and could be detected throughout the 96-h incubation period. Growth-factor-active fractions eluted from a Sephadex G-100 column did not absorb at 280 nm and were retained on the column until 4 column volumes were eluted. The growth factor was nondialyzable and stable to boiling, lyophilization, extraction with hot aqueous phenol, and trypsin digestion. The factor was inactivated by exposure to pH 2.0 in the pepsin digestion protocol. Significant amounts of hexose, methyl pentose, and 2-keto-3-deoxyoctonate were detected in pooled growth-factor-active fractions eluted from the Sephadex column. This pool was also active in the Limulus lysate endotoxin assay. These results suggest that the B. intermedius growth-stimulating factor produced by F. necrophorum is a lipopolysaccharide.
Obligately anaerobic gram-negative rods are now recognized as important opportunistic pathogens in humans. The types of infections produced by them are often of mixed etiology, with two or more species of obligately or facultatively anaerobic bacterial species present. Research concerning mixed anaerobic infections has revolved around the development of more effective chemotherapeutic treatment regimens (1, 13) . Only a few investigators have studied the synergistic interactions that occur between the various bacterial species present.
As early as 1949, Hite and co-workers (8) recognized increased morbidity and mortality in animals that were infected with two or more species of obligate anaerobes compared with those in animals that received similar quantities of a single species. The findings of Hite et al. have since been corroborated by several investigators who used mixtures of obligately and facultatively anaerobic bacteria in several animal models (3, 7, 10, 12) . Only in a few instances, however, has a mechanism of bacterial synergy been described. Kaufman et al. (10) showed that collagenase produced by Bacteroides melaninogenicus was responsible for the increased size of lesions in rabbits that received a mixture of B. melaninogenicus and Fusobacterium nucleatum intradermally as compared with those in rabbits that received only one of the species. Succinate was found to replace the requirement for Klebsiella pneumoniae in a subcutaneous abscess model of mixed infection in guinea pigs involving Bacteroides asaccharolyticus and K. pneumoniae (12) . Hagen and co-workers (6) partially characterized a dialyzable factor produced by Escherichia coli that stimulated the growth of Bacteroides fragilis in vitro.
Previous work in our laboratory has demonstrated the persistence of Bacteroides intermedius in liver tissue of mice receiving a mixed inoculum of B. intermedius and Fusobacterium necrophorum (S. B. Price, M. D. Rohrer, and R. E. McCallum, submitted for publication). We report here the isolation, purification, and characterization of a growth factor produced by F. necrophorum that enhanced the in vitro growth of B. intermedius. The characteristics of the growth factor were found to be indistinguishable from those of bacterial lipopolysaccharide (LPS) . ( Subcultures of both strains from chopped meat were inoculated weekly onto laked blood agar (LBA) plates and into brain heart infusion agar (BHIA) roll tubes.
Media. All media, including brain heart infusion broth (BHIB), tryptose phosphate broth (TB), LBA roll tubes, and anaerobic salts solution were prepared prereduced and anaerobically sterilized by using standard methods (9) .
Growth in BHIB. Growth of B. intermedius and F. necrophorum in BHIB was monitored quantitatively. BHIB cultures of each strain grown overnight were diluted with fresh BHIB to an A600 of 0.1, which corresponded to 108 necrophorum per ml. Samples (1 ml) were taken from the cultures at 2-h intervals for 16 h, diluted 10-fold in anaerobic salts solution, and inoculated into BHIA roll tubes. Colonies were enumerated after 48 h of incubation at 37°C.
Growth of B. intermedius and F. necrophorum cultured together in BHIB was also measured to detect enhancement or inhibition of growth by either strain. Growth was measured quantitatively by using LBA roll tubes. Colonies of B. intermedius turned black when grown on LBA after 48 to 72 h of incubation because of production of the pigment hematin. This allowed the two strains to be differentiated when grown in mixture, since F. necrophorum colonies are colorless on LBA. Generation times for each strain cultured in BHIB alone or in mixture were computed as described by Sokatch and Ferretti (16) .
Growth in TB. The growth of F. necrophorum and B. intermedius alone and in mixture in TB was measured quantitatively by using a procedure similar to that followed with BHIB, except that samples were taken at 24-h intervals for 72 and 96 h. Overnight TB cultures of B. intermedius were considered hemin and vitamin K depleted (HVK depleted) since cells from these cultures did not grow in fresh TB. HVK-depleted B. intermedius cultures were used subsequently in assays for growth factor activity.
TB was used to prepare both F. necrophorum-conditioned medium (FS) and B. intermedius-conditioned medium. TB was inoculated with an overnight broth culture of either F. necrophorum or B. intermedius to an A600 of 0. Sephadex gel chromatography (G-100; Pharmacia, Inc., Piscataway, N. J.) of DCBC medium was performed to obtain a partially purified growth factor. The column (2.6 by 38.5 cm) was equilibrated overnight with 0.1 M phosphate buffer at a flow rate of 1.2 ml/min. DCBC medium (8 ml) was loaded directly onto the gel bed and eluted with phosphate buffer at a flow rate of 1 ml/min. A total of 120 3-ml samples were collected, and the A280 of each sample was determined. Fractions were combined into seven pools. The pools contained the following fractions: pool 1, fractions 1 through 12; pool 2, fractions 13 through 22; pool 3, fractions 23 through 38; pool 4, fractions 39 through 52; pool 5, fractions 53 through 71; pool 6, fractions 72 through 79; and pool 7, fractions 80 through 120. Each pool was dialyzed in 3,500-molecular-weight cutoff tubing against distilled water, concentrated, filter sterilized, and assayed for growth factor activity.
The yield of growth factor from pools 6 and 7 was determined by dividing the GFUs recovered from these fractions by the total GFUs loaded onto the column. The specific activity of the growth factor recovered in pool 7 was determined by calculating the GFU per gram (dry weight) of pool 7 . Purification of pool 7 was determined by dividing its GFU per gram (dry weight) by the GFU per gram (dry weight) of the original DCBC medium sample. The specific activity and fold purification of the growth factor was also determined by using the number of milligrams of protein present in DCBC medium and in pool 7. Growth factor characterization. Several biochemical characteristics of the growth factor were determined by using the broth assay. FS was dialyzed against 6.0 liters of distilled water and concentrated 10-fold. Part of the concentrate was boiled for 30 min and centrifuged. The supernatant fraction was filter sterilized (pore size, 0.2 ,um) and assayed in conjunction with the unboiled concentrate to determine whether the factor was heat stable. Portions of the boiled 10-fold concentrate were also dialyzed in 6,000-to 8,000-and 12,000-to 14,000-molecular-weight cutoff dialysis tubing, reconcentrated to original volume, and assayed to determine whether the growth factor was dialyzable after boiling. The unboiled sample was assayed as a positive control.
A test of the trypsin and pepsin digestion of unconcentrated conditioned medium was performed. Crystalline trypsin 1:250 (1 mg/ml, Difco Laboratories, Detroit, Mich.) was added to FS, and the mixture was adjusted to pH 7.0 and incubated for 6 h at 37°C. The 23, 1986 on July 4, 2017 by guest http://jcm.asm.org/ Downloaded from determine the absorbance maxima of any molecular species present in DCBC medium or in a growth-factor-active fraction (pool 7, tubes 80 through 120) eluted from the Sephadex column. The amount of protein present in both the DCBC medium and in pool 7 was determined by using BioRad reagent (Bio-Rad Laboratories, Richmond, Calif.) (2) . The A280/A260 ratio of DCBC medium and pool 7 was also computed. Hexose present in pool 7 from the Sephadex column was determined by using the phenol-sulfuric acid method described by Dubois and co-workers (5), and methyl pentose was determined by using the cysteine-sulfuric acid method of Dische and Shettles (4). Alditol acetate derivatives of carbohydrates were made from pool 7 for gas-liquid chromatography analysis as described by Sawardecher et al.
(15).
Gas-liquid chromatography analysis of the alditol acetate derivatives of carbohydrates in pool 7 was performed on a Hewlett-Packard 5880A chromatograph (Hewlett-Packard Co., Palo Alto, Calif.), using a glass column (3 ft [91.44 cm] by 2 mm) packed with 3% SP-2340 on a 100/200 Supelcoport filter (Supelco, Inc., Supelco Park, Bellefonte, Pa.). Helium was used as the carrier gas with a flow rate of 30 ml/min. The flame ionization detector temperature was 250°C. The injection port temperature was 200°C. The column temperature was programmed to increase from 180 to 240°C at 2°C/min intervals with a 6-min initial hold and a 5-min final hold. A 1-,u sample was injected, and alditol acetate reference standards (Supelco) were used to determine the identity of the carbohydrates in pool 7.
LPS was extracted from both DCBC medium and from pool 7 by using the method of Westphal and Jann (18) . The amount of 2-keto-3-deoxyoctonate (KDO) in the resulting extracts from DCBC medium and from pool 7 was quantitated by using the method of Weissbach (17) as modified by Osborn (14) . Samples from pool 7 were also tested by Molly Hill in our laboratory for reactivity in the Limulus lysate assay by the method of Levin 
RESULTS
Growth in BHIB. Growth of B. intermedius and F. necrophorum in BHIB was plotted (Fig. 1) . Growth curves of the two anaerobes grown separately (Fig. 1A ) or in mixture (Fig. 1B) were identical. Log-phase growth occurred between 4 and 8 h, followed by a stationary phase extending to 16 h. B. intermedius yielded higher colony counts than F. necrophorum after 5 h from the time of inoculation. Generation times for F. necrophorum grown alone or in mixture in BHIB were 3.87 and 3.47 h, respectively. Generation times for B. intermedius grown alone or in mixture were 1.61 and 1.66 h, respectively. Neither organism was stimulated or inhibited when grown in mixed culture in BHIB.
Growth in TB. TB supported the growth of F. necrophorum (see Fig. 6 ); however, B. intermedius did not grow alone in TB (Fig. 2) . When F. necrophorum was mixed with B. intermedius in TB, B. intermedius maintained viability throughout the 72-h incubation period (Fig. 2) . F. necrophorum was neither stimulated nor inhibited when cultured with B. intermedius in TB (data not shown).
F. necrophorum growth was neither stimulated nor inhibited when cultured in Bacteriodes-conditioned TB, compared with its growth in unconditioned TB (data not shown). In contrast, B. intermedius grew impressively in FS, reaching maximal absorbance at approximately 24 h after inoculation (Fig. 3) .
Broth assay for growth factor activity. The broth assay allowed growth factor activity in various samples of FS to be compared quantitatively. The absorbance of B. intermedius grown in increasing amounts of FS was recorded (Fig. 4) . Although the plots (Fig. 4) are derived from the line equation 
80, and 100% FS for 8 h. A6w readings were taken at 2-h intervals.
One GFU is defined as an increase in A600 of (0.01/h) x 100. tube containing TB and no FS. The A600 of B. intermedius in this tube increased from 0.1 to 0.2 during the 8-h incubation period (Fig. 4) . Absorbance increased proportionally as the percentage of FS increased. B. intermedius grew fastest in tubes containing 100% FS. The number of GFU present in FS was directly proportional to the percentage of conditioned medium present in the sample (Fig. 5) .
Production of growth factor. F. necrophorum cultured in TB reached maximal growth 24 h after inoculation (Fig. 6 ). Growth factor activity was detected 8 h after inoculation, when F. necrophorum was in an exponential growth phase (Fig. 6) , and throughout the 96-h incubation period.
Growth factor purification by Sephadex chromatography. A plot of the A280 of fractions from a representative sample of DCBC medium eluted from the Sephadex G-100 column was Growth factor assays of pooled, dialyzed, and concentrated fractions eluted from the Sephadex column indicated that growth factor activity was absent until the first column volume was eluted (Fig. 7B) . Activity was detectable through fraction 325, after approximately 4 column volumes of buffer had passed through the column. Pool 7 (fractions 80 through 120) was chosen for biochemical characterization because of its low concentration of protein (see Table 2 ).
The yield of growth factor activity in pools 6 and 7 combined (fractions 72 through 120) was 40.4%. The specific activity of pool 7 (fractions 80 through 120) based on dry weight-was 1,020 GFU/g, representing a 1.69-fold purification. The specific activity of pool 7 based on protein concentration was 9,129.6 GFU/mg, representing a 3.14-fold purification.
Biochemical characteristics of growth factor. The growth factor was stable to boiling for 30 min, trypsin digestion, and lyophilization (Table 1) . Activity was also retained after dialysis of boiled, conditioned medium. All growth factor activity was lost, however, after exposure of conditioned medium to pH 2.0 in the pepsin digestion protocol. The sensitivity of the growth factor to pepsin could not be determined since the low pH at which pepsin is most active inactivated the growth factor. Growth factor activity was extracted from both DCBC medium and pool 7 with hot aqueous phenol ( Table 1) . The partial compositions of DCBC medium and pool 7
were examined (Table 2 ). Considerable differences in protein and KDO concentrations existed between DCBC medium and pool 7. DCBC medium had a A28d/A260 ratio of 0.94, and 4.28 "Growth-factor-active fraction from a Sephadex G-100 column. pool 7 had an A28o/A260 ratio of 0.553. The gas-liquid chromatography elution profile of pool 7 revealed the presence of mannose and glucose in an area ratio of 1:1.3 as determined by comparison to an alditol acetate standard.
When DCBC medium was scanned spectrophotometrically and blanked against 10-fold-concentrated TB, a large peak was observed between 420 and 430 nm (data not shown). No peaks were seen in the UV spectrum of DCBC medium read against 10-fold-concentrated TB, although a plateau between 250 and 275 nm was observed when a 1:250 dilution of the medium was read against distilled water (data not shown).
UV spectral scans of a 1:30 dilution of pool 7 showed a plateau between 235 and 275 nm (data not shown). No peaks were seen between 420 and 430 nm or any of the remainder of the visible range when a 1:3 dilution of this pool was scanned spectrophotometrically.
Repeated attempts to further purify pool 7 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with a 10 to 20% acrylamide gradient were unsuccessful. No bands appeared after staining with amido black (data not shown). DISCUSSION B. intermedius persists in liver tissue of mice coinfected intraabdominally with B. intermedius and F. necrophorum but not in liver tissue of mice infected with B. intermedius alone. Attempts to isolate and characterize a growth factor from mouse tissue were not feasible because of the vast number of compounds present in the milieu of mouse hepatic tissue. This project was undertaken to characterize possible nutritional synergy in vitro between F. necrophorum and B. intermedius.
Both F. necrophorum and B. intermedius grew maximally in supplemented BHIB; therefore, no enhancement or inhibition of growth was observed when they were grown In mixture (Fig. 1) . Since both organisms were grown in a medium containing all necessary growth factors, bacterial synergy was likely to have been masked. A medium was needed which supported the growth of F. necrophorum but not that of B. intermedius. TB met this requirement.
The growth factor that enabled B. intermedius to maintain its viability when cultured with F. necrophorum in TB was soluble, since enhanced growth occurred in F. nec- rophorum-free, conditioned medium. FS probably contained both cell wall and cytoplasmic contents of F. necrophorum, since FS was processed after 96 h of incubation, when F. necrophorum was in its death phase (Fig. 6) . However, growth factor activity was also detected in FS 8 h after inoculation, when F. necrophorum was in log-phase growth (Fig. 6 ). These results suggested that the growth factor might have been excreted by actively growing cells. Sephadex chromatography was used to partially purify the growth factor, since little was known about its molecular weight except that it was retained by 12,000-to 14,000-molecular-weight cutoff dialysis tubing. The A280 elution profile (Fig. 7) indicated the presence of two peaks in the void volume. These proteins had a molecular weight of .100,000, the cutoff size for molecules excluded by the column, and were most likely of fusobacterial origin. The tryptose portion of TB is made from a pancreatic digest of casein. Such digests contain peptides of various sizes; however, most of these would be smaller than 100,000 daltons.
The elution profile of growth factor activity from the Sephadex column was interesting since no growth factor activity could be detected in the fractions containing the void volumn or from the fractions containing a high A280 (Fig. 7) . Activity was detected continuously, however, in almost 200 fractions from fraction 72 onward. It can be concluded either that the growth factor was present in DCBC medium in a range of molecular weights or that it adhered to the gel matrix in sufficient amounts to require elution with 800 ml of phosphate buffer before complete removal was achieved. The persistence of growth factor activity on the column may explain the low yield (40.4%) of activity recovered from pools 6 and 7. These two pools were composed of fractions 72 through 120, which made up only 25% of the growthfactor-active volume of buffer eluted from the column.
The biochemical characteristics of the growth factor ruled out the possibility that it was a protein. It Hexose and methyl pentose assays were performed on pool 7, and significant amounts of hexose were detected ( Table 2 ). Gas chromatography of alditol acetate derivatives of pool 7 revealed glucose and mannose. Since both of these sugars would have been removed by dialysis of pool 7, it is assumed that the alditol acetate derivation hydrolyzed them from a larger molecule that was retained by dialysis.
Since it seemed possible that LPS was the source of carbohydrates detected in pool 7, a hot aqueous phenol extract of pool 7 was prepared. Growth factor activity was maintained after this harsh extraction. The fact that KDO was detected in pool 7 strongly suggested that LPS was present. The positive results of the Limulus lysate assay confirmed this finding.
It is difficult to perceive how LPS could act as a growth factor for B. intermedius since there are no reports to support this finding. The elegant study of Mayrand and McBride (12) on nutritional enhancement of B. asaccharolyticus by K. pneumoniae implicated succinate as the growth-stimulating factor. Hagen et al. (6) observed in vitro stimulation of B. fragilis growth by viable E. coli and E. coli-spent medium, although they did not identify the factor. The growth-stimulating factor in their study was stable to heat, alkali, and acid. Activity was lost after dialysis, a finding that did not rule out succinate. The growth factor characterized in this project was not succinate, since it was retained by dialysis tubing. Other components of the Bacteroides pyruvate metabolism pathway (hemin, cytochrome b, and NAD) were also excluded by the biochemical characteristics of the growth factor. An iron-containing compound such as hemin or cytochrome b would have absorbed in the visible spectrum at or near 556 nm. NAD is dialyzable and absorbs strongly at 260 nm.
The basic characteristics of the growth factor fit well with those of LPS. LPS is heat stable at neutral pH, is stable to lyophilization, and is retained by dialysis tubing. LPS can be recovered in a wide range of molecular weights, ranging from 40,000 to 1,000,000, which perhaps explains why growth factor activity was eluted from the Sephadex G-100 column across so many column volumes. Gram-negative bacteria produce LPS in excess during logarithmic growth, and activity was detected in the log phase of F. necrophorum growth (Fig. 6) 
